Abstract. Spontaneous low-frequency oscillatory changes in oxygenated hemoglobin (oxy-Hb) and deoxygenated hemoglobin (deoxy-Hb) are observed using functional near-infrared spectroscopy (fNIRS). A previous study showed that the time-averaged phase difference between oxy-Hb and deoxy-Hb changes, referred to as hemoglobin phase of oxygenation and deoxygenation (hPod), is sensitive to the development of the cortex. We examined phase-locking index of hPod, referred to as hPod L , in addition to hPod, in neonates and 3-and 6-month-old infants using the 94-channel fNIRS data, which covered large lateral regions of the cortex. The results showed that (1) developmental changes in hPod exhibited spatial dependency; (2) hPod L increased between the neonate group and 3-month-old infant group over the posterior, but not anterior, regions of the cortex; and (3) the cortical regions of each age group were clustered in several domains with specific characteristics of hPod and hPod L . This study indicates that the neonatal cortex is composed of regions with specific characteristics of hPod and hPod L , and drastic changes occur between the neonatal period and 3 months of age. This study suggests that hPod and hPod L are sensitive to the cortical region-specific development of the circulatory, blood flow, metabolic, and neurovascular functions in young infants.
Introduction
Spatiotemporal changes in spontaneous low-frequency oscillations of the cortical hemodynamics are observed in infants through multichannel functional near-infrared spectroscopy (fNIRS). 1 The signals of relative changes in oxygenated hemoglobin (oxy-Hb) and deoxygenated hemoglobin (deoxy-Hb) concentrations in the cerebral tissue at multiple locations measured with fNIRS provide rich information to reveal the development of functional connectivity. [2] [3] [4] The fNIRS has also been measured in neonates as a clinical tool for quantitatively assessing the brain development. [5] [6] [7] [8] [9] [10] A recent study with fNIRS showed that time-averaged phase differences between spontaneous low-frequency oscillatory changes in oxy-Hb and deoxy-Hb in the cerebral tissue showed dramatic changes from an in-phase to an antiphase pattern in the first six months of life. 11 This phase difference is referred to as hemoglobin phase of oxygenation and deoxygenation (hPod). The study reported that hPod showed subtle differences in development between term-and preterm-born infants. Thus, hPod can be a good marker for determining the developmental stage of the integration of circulatory, blood flow, metabolic, and neurovascular functions in the brain, with high sensitivity.
While the hPod value in the previous study was obtained by averaging the signals of 10 channels covering specific regions of the cortex, 11 the spatial differences in hPod were not well-studied. The spatial patterns of functional activity in the cortex in early infancy have been extensively reported. [12] [13] [14] [15] The development of functional connectivity between the specific regions of the cortex has been observed in the first few months of life. 2 Thus, hPod may exhibit region-dependent differences that reflect functional development. Another issue that was not examined in the previous study 11 is whether the phase differences between oxy-and deoxy-Hb changes are stable or fluctuating. To quantify this property, we assessed the degree of phase locking of hPod, referred to as hPod L . In this study, we focused on the spatial properties of hPod and hPod L over large cortical regions using the existing data measured with a 94-channel fNIRS for studying functional connectivity. 2 
Methods
We analyzed the existing data of Homae et al. 2 in this study. Here, we summarize the participants, apparatus, and procedures, and then describe the data analysis.
Participants
We analyzed the data from 52 full-term born infants who were sleeping naturally. They were divided into three different age groups. Fifteen were neonates (6 girls and 9 boys; mean postnatal age: 4.3 days, range: 2 to 11 days), 21 were 3-month-old infants (11 girls and 10 boys; mean postnatal age: 111.6 days, range: 102 to 123 days), and 16 were 6-month-old infants (6 girls and 10 boys; mean postnatal age: 197.0 days, range: 180 to 206 days). Ethical approval for this study was obtained from the ethical committee of Tokyo Women's Medical University for studying the neonates and Graduate School of Education, University of Tokyo, for studying the 3-and 6-month-old infants. Written informed consent was obtained from the parent(s) of all the participants before the experiment. 2 
Apparatus and Procedures
A near-infrared spectroscopy (NIRS) instrument (ETG-7000; Hitachi Medical Corporation) with 94 measurement channels (47 channels in each hemisphere) was used to detect the relative concentration changes in oxy-Hb and deoxy-Hb [millimolar·-millimeter (mM·mm)] with a 0.1-s resolution. This instrument uses two wavelengths of NIR light (785 and 830 nm). NIR light was emitted from laser diodes through incident optical fibers (maximum intensity: 0.4 mW for neonates, 0.6 mW for 3-month-old infants, and 1.2 mW for 6-month-old infants). Two sets of 3 × 10 array probes composed of 15 sources and 15 detectors of NIR light were mounted on a flexible cap over the frontal, temporal, parietal, and occipital regions of each hemisphere. The distance between the source and detector was set to ∼2.0 cm, and each pair of adjacent incident and detection fibers defined a single measurement channel. 2 The measurement channels were positioned by referring to the international 10/20 system of electrode placement and using the external auditory pores, vertex, and inion as landmarks in each participant. The locations of 94 channels can be overlaid onto the magnetic resonance imaging brain atlas using the virtual registration method.
16 Figure 1 shows a schematic presentation of estimated channel locations over the cortex based on the virtual registration. The channels cover the frontal pole (FP), superior frontal gyrus (SFG), middle frontal gyrus (MFG), inferior frontal gyrus (IFG), orbitofrontal cortex (OFC), precentral gyrus (PrCG), postcentral gyrus (PoCG), supramarginal gyrus (SMG), angular gyrus (AG), superior parietal lobule (SPL), superior temporal gyrus (STG), middle temporal gyrus (MTG), and superior and inferior occipital cortices (SOC and IOC).
The measurements were obtained when the neonates or infants were in natural sleep in a dimly lit room.
Data Analysis

Preprocessing
We detected the periods containing motion artifacts in the oxyHb and deoxy-Hb time series data from all 94 channels and excluded them from the analysis. When we detected changes in the sum of the oxy-Hb and deoxy-Hb signals of more than 0.15 mM · mm in the mean of four successive samples (i.e., 400 ms) and that of the next four successive samples, we regarded the last time point in the first four samples as the time at which a motion artifact occurred in the affected channel. We then labeled the data from the preceding 60 samples and those from the next 250 samples as a motion artifact period. If 47 or more channels (i.e., half of the channels) showed motion artifacts at the same time point, all the channels were assumed to be affected by motion artifacts at that time point. As a result of rejection of the motion artifacts, 97.6% of time point data on average among participants was used for analysis. Then, oxyHb and deoxy-Hb time course signals were filtered through a frequency band of 0.05 to 0.1 Hz using a fast Fourier transform to remove physiological noise (e.g., heartbeats and respirations) and measurement noise (e.g., slow signal drifts and highfrequency noise). Note that the lower frequency (0.05 Hz) corresponds to the time scale of hemodynamic response to neural activity (20 s).
Calculation of hPod and hPod L
The value of hPod was calculated according to the method by Watanabe et al. 11 In short, a Hilbert transformation was applied to the preprocessed time series of oxy-Hb and deoxy-Hb for each channel to obtain the instantaneous phases of each signal. The phase difference between the instantaneous phases of oxyHb and deoxy-Hb signals was calculated and represented by a vector with a phase value and length of 1. The time series of vectors were averaged over the measurement time. We finally obtained the averaged values of phase and length for each of the 94 channels. The averaged value of phase was termed hPod. 11 The average value of length represents the degree of phase locking between oxy-Hb and deoxy-Hb and was referred to as hPod L in this study, as shown in Fig. 2(a) . An angular value of hPod larger than 1.5π indicates a pattern close to an in-phase one, while a value smaller than 1.5π indicates a pattern close to an antiphase one. A scalar value of hPod L close to 1 indicates high phase locking, while a value close to zero indicates little phase locking or large fluctuation of phase.
Statistical analysis
Figure 2(b) shows how group averaging was performed to be subjected to group analysis for each of the hPod and hPod L . To investigate the developmental changes in the vector values of hPod in each location of the cortex, the Watson-Williams test was applied to the hPod values of the three age groups on a channel-by-channel basis. To compare the hPod values among the three age groups, the Tukey-Welsch procedure was used (Watanabe et al. 11 for details of circular statistics). We used the Bonferroni correction for the number of channels to account for multiple testing and considered significance when p < 0.05∕94 ¼ 0.00053.
To investigate the developmental changes in the scalar values of hPod L in each location of the cortex, the analysis of variance (ANOVA) of the hPod L values of the three age groups was performed on a channel-by-channel basis. To conduct the comparisons among the age groups, a t-test with Ryan's method was performed. Bonferroni correction for the number of channels was used for the repetition of testing on a channelby-channel basis. Thus, the cut-off level of significance was set at p < 0.05∕94 ¼ 0.00053.
Cluster analysis
To reveal the spatial properties of hPod and hPod L in each age group, the group mean values of the two variables at all 94 channels were subjected to cluster analyses. The phase values of hPod were assumed to be scalar because the distribution of hPod values in each age group was thought to be concentrated within the range of π and 2π. Prior to clustering the data, the two variables were normalized. A hierarchical clustering with the Ward method generated a dendrogram. The tree of the dendrogram was cut at a specific height of the distance between the clusters, and a specific number of clusters were obtained. The clustered channels were topographically mapped on the estimated standard cortical regions of the channels as shown in Fig. 1 . To validate and interpret the clustering results, we examined whether the clusters were distinguishable by comparing the clustered means in hPod and hPod L using ANOVA. Note that phase variables in hPod were treated as scalar values, since the variables were considered to be narrowly distributed within each age group. To conduct the comparisons among the clusters, a t-test with Ryan's method was performed. The cut-off level of significance was set at p < 0.05. Figure 3 shows a vector presentation of the individual values of hPod (direction) and hPod L (length) for each channel, which were superimposed in each age group. In the neonate group, the hPod values ranged between 1.5π and 2π at most of the channels, indicating that the hPod pattern was close to the in-phase one. In contrast, the hPod values ranged between π and 1.5π at most of the channels of the 3-and 6-month-old infant groups, respectively, indicating that the hPod pattern was close to antiphase. The hPod L values in the neonate groups were small overall (short vectors), indicating low phase locking of hPod. In contrast, hPod L values in the 3-and 6-month-old infant groups overall showed high phase locking (long vectors).
Results
To clarify the properties of hPod and hPod L in each age group and differences in these values among the age groups, the mean values and variations were calculated for each hPod and hPod L values on a channel-by-channel basis, as shown in Fig. 4 . Note that the means of hPod values were obtained on the basis of vector calculation, and the length of the vectors represented the interinfant variation of the phase difference in each channel within the age group. The development of the mean hPod value from neonates to 3-to 6-month-old infants was observed in each location of the channel, as shown in Fig. 4(a) . The Watson-Williams test to the hPod values revealed that the main effects of the age group were significant at 84 out of 94 channels, marked in dark gray in Fig. 4(a) . Of the 84 channels, significant differences were observed between neonates and 3-month-old infants and between neonates and 6-month-old infants in 73 channels. At the remaining 11 channels, significant differences were observed only between neonates and 3-monthold infants. These findings indicate that the major changes in the hPod values occur between birth and 3 months of age over most of the cortical regions. The development of the scalar values of hPod L was assessed as shown in Fig. 4(b) . The mean values of hPod L of the three groups were illustrated in three bars at each channel location, and the interinfant variations of hPod L values were also shown as error bars on the bars [ Fig. 4(b) ]. The ANOVA using the hPod L values revealed that the main effects of the age group were significant at 40 out of 94 channels, marked in dark gray. Of the 40 channels, 25 showed significant differences between neonates and 3-month-old infants and between neonates and 6-month-old infants, 13 showed significant differences only between neonates and 3-month-old infants, and 2 showed significant differences only between neonates and 6-month-old infants. Interestingly, the channels on the posterior regions of the cortex showed significant agerelated changes as compared with the channels on the anterior regions of the cortex. The channels at the FP showed relatively high hPod L values in the neonate group and no significant developmental changes. These findings indicate that the major changes in hPod L values occurred between birth and 3 months and that a part of the anterior region of the cortex showed different development from the posterior region of the cortex.
To reveal the spatial differences in hPod and hPod L of each age group, the mean values of hPod and hPod L of each channel are illustrated by colored circles, with the color representing a phase value of hPod and the size representing a value of hPod L , as shown in Fig. 5 . Overall, the change in color from red to blue occurred between the neonates and the 3-month-old infants at most of the channels, indicating that the major changes in hPod occurred during this period regardless of the cortical regions. Careful assessment of the spatial pattern of colored circles at each age revealed cortical region-dependent differences. We examined whether the channels could be spatially clustered based on hPod and hPod L . The hierarchical clustering with the Ward method generated a dendrogram for each age group. We cut the tree of the dendrograms at the same height of 10.0 in the three groups. The channels were then clustered into 5, 4, and 3 for the neonates, 3-, and 6-month-old infant groups, respectively.
In the neonates, the channels were clustered into 1a
The ANOVA using the hPod values revealed that the main effect of the cluster was significant (p < 0.001). The post-hoc comparisons among the clusters revealed that all the combinations except for the one between 2a and 2b1 were significantly different (p < 0.05). The ANOVA using the hPod L values revealed that the main effect of the cluster was significant (p < 0.001). The post-hoc comparisons among the clusters revealed that all the combinations except for the one between 2a and 1b were significantly different (p < 0.05).
In 3-month-old infants, the channels were clustered into 1a (hPod
, and 2b (hPod ¼ 1.13π, hPod L ¼ 0.76, n ¼ 34). The ANOVA using the hPod values revealed that the main effect of the cluster was significant (p < 0.001). The post-hoc comparisons among the clusters revealed that all the combinations were significantly different (p < 0.05). The ANOVA using the hPod L values revealed that the main effect of the cluster was significant (p < 0.001). The post-hoc comparisons among the clusters revealed that all the combinations were significantly different (p < 0.05). In 6-month-old infants, the channels were clustered into 1
The ANOVA using the hPod values revealed that the main effect of the cluster was significant (p < 0.001). The post-hoc comparisons among the clusters revealed that all the combinations except for the one between 2a and 2b were significantly different (p < 0.05). The ANOVA using the hPod L values revealed that the main effect of the cluster was significant (p < 0.001). The post-hoc comparisons among the clusters revealed that all the combinations were significantly different (p < 0.05).
As shown in Fig. 5 , the lines connecting channels were drawn when the spatially adjacent channels belonged to the same cluster; thereby, spatial continuity of clusters was observable. Figure 6 shows plotting of the mean values of hPod versus hPod L for each cluster for each age group.
Discussion
This study found that the hPod values decreased from an in-phase to an antiphase pattern between the newborn period and 3 months of age at most of the lateral cortical regions that the 94-channel fNIRS probe could cover [ Fig. 4(a) ]. This result is consistent with the previous report in which the termborn infants showed a rapid change in hPod occurring at birth and a gradual change in hPod lasting during the first 6 months of age. 11 However, the typical developmental pattern was not observed at some of the channels on the ventral side of the frontal lobe and right posterior regions. Thus, this study revealed that the development of hPod has a cortical region specificity.
This study focused not only on the hPod values but also on the hPod L values, which represent the degrees of phase locking of hPod. While the value of hPod has been suggested to be a good indicator of the developmental changes in dominant physiological mechanisms underlying the circulatory, blood flow, metabolic, and neurovascular functions in the previous study, 11 the value of hPod L provides additional and important information on the strength of the coupling among the related mechanisms, such as the blood flow and metabolism coupling and the neurovascular coupling. Even when the hPod values are similar, hPod L values could represent differences in stability of interaction among the physiological processes. We found that the development of hPod L significantly differed on the basis of the cortical regions [ Fig. 4(b) ]. In the posterior cortical regions, several channels showed a significant increase in hPod L between the newborn period and 3 months of age. In the anterior cortical regions, several channels tended to show large hPod L values in the newborn period, and no significant increase in hPod L values was observed. These data indicate that the development of the phase-locking property of hPod differed on the 1a, 1b, 2a, 2b1, and 2b2), 3-month-old infants  (1a, 1b, 2a, and 2b) , and 6-month-old infants (1, 2a, and 2b) were shown in red, green, and blue, respectively. 1a, 1b, 2a, 2b1, and 2b2) . (b) 3-month-olds: the channels were clustered into four (1a, 1b, 2a, and 2b) . (c) 6-month-olds: the channels were clustered into three (1, 2a, and 2b) . The lines connecting the channels were drawn when the spatially adjacent channels belonged to the same cluster. The color and width of the lines connecting channels were determined according to the mean value of hPod and hPod L , respectively, within the same cluster.
Neurophotonics 011017-5 Jan-Mar 2018 • Vol. 5 (1) basis of the cortical regions. The cortical region-dependent development was more prominent in the hPod L than in the hPod. The cluster analysis of hPod and hPod L (Fig. 5 ) with the estimated cortical regions (Fig. 1) revealed precise spatial differences. The statistical analysis showed that clusters based on the combination of hPod and hPod L in each age group are distinguishable. Neonates already showed cortical regionspecific characteristics. The FP and MFG of the neonates showed an in-phase pattern with high phase locking (cluster 1a), which were distinguished from the characteristics of other regions. Cluster 2a was distinguishable from cluster 1b based on hPod and from cluster 2b1 based on hPod L . In 3-month-old infants, the temporal regions, including the STG and MTG, a part of the frontal region, including the PrCG, and the parietal region, including the PoCG and SMG, bilaterally constituted a distinct cluster with antiphase pattern and high phase locking (cluster 2b). Bilateral frontal regions, including the FP and MFG, and bilateral occipital regions belonged to the same cluster with antiphase pattern and high phase locking (cluster 2a). The ventral parts of the frontal, temporal, and occipital regions showed an hPod value close to 1.5π and low phase locking (cluster 1a and 1b). The 6-month-old infants showed a spatial pattern with a similar topology of clusters as those of the 3-month-old infants, although the form and size of each cluster in the 6-month-old group were different from those of the 3-month-old group. The ventral portions of the frontal and temporal regions showed an hPod value more than 1.5π (cluster 1), which was very different from the characteristics of the other two clusters. Overall, each cortical region exhibited a specific pattern of development of hPod and hPod L . For instance, the cortical region in the FP and MFG of the left hemisphere in the neonate group was classified to a single cluster with an in-phase pattern with high phase locking. However, the same region was differentiated into two clusters, an antiphase pattern with high phase locking and a 1.5π-phase pattern with low phase locking, in the 3-month-old infant group. This region was further differentiated into three clusters, an antiphase pattern with high phase locking, an antiphase pattern with low phase locking, and 1.5π-phase pattern with low phase locking, in the 6-month-old infant group. The bilateral temporal regions around the STG showed an in-phase pattern with low phase locking in the neonates group, and this changed to an antiphase pattern with high phase locking in the 3-month-old infants.
Watanabe et al. 11 used a model by Fantini 17 with Hill's equation for hemoglobin oxygen saturation to estimate the changes in concentration of oxy-Hb and deoxy-Hb in the artery, capillary, and vein. The analysis of the model showed how physiological parameters, such as partial pressure of oxygen, partial blood volume, oxygen utilization rate, and speed of blood flow, affect the in-phase or antiphase pattern of hPod. The following scenario for the development of hPod was suggested.
11
The high values of hPod in the newborn period may be accounted for by a dominance of the in-phase contributions of the partial blood volume. The rapid initial decrease in the hPod value may be induced by a rapid increase in the antiphase contribution of the partial pressure of oxygen, which is affected by the transition from fetal to adult Hb. The gradual decrease in the hPod value toward an antiphase pattern after 3 months of age may reflect the increasing antiphase contribution of the speed of blood flow in the capillaries. The overall development of the complete lateral regions of the cortex can be accounted for by the aforementioned scenario of hPod development. However, the differences in hPod L in addition to hPod among the cortical regions that were found at each age in this study revealed the evidence to suggest spatially differential development of the circulatory, blood flow, metabolic, and neurovascular functions.
Regarding the development of metabolism, the method of magnetic resonance spectroscopy has been used to reveal that the cortical regions show drastic changes in metabolism between birth and 3 months of age. 18 The cerebral metabolic rate of oxygen (CMRO 2 ) also may undergo drastic increases as suggested by a positron emission tomography (PET) study with a limited number of participants. 19 Although hPod and hPod L may reflect changes in metabolism, hPod and hPod L are based not on the absolute values of the baseline of CMRO 2 but on the timing of the hemodynamic changes. While both the changes in blood flow and CMRO 2 contribute to an antiphase pattern of hPod, their effects may be cancelled due to their opposing contribution to oxygen concentration. Thus, if the increase in blood flow was regulated to outpace the increase in CMRO 2 , the effect of the blood flow on hPod would be dominant. However, if the changes in blood flow and CMRO 2 were decoupled, hPod L would show a low value, indicating unlocking of the phase. The anterior regions of neonates showed higher phase locking (cluster 1a), but other regions showed lower phase locking. In contrast, the anterior regions of the older groups showed lower phase locking (cluster 1a for 3 month and cluster 1 for 6 month), but the temporal and posterior regions showed higher phase locking. A possible physiological interpretation for the developmental inversion is as follows. In neonates, the anterior regions are dominated by changes in blood flow with low oxygen consumption, leading to higher phase locking. The temporal and posterior regions may undergo functional development requiring more oxygen consumption, but the coupling between the blood flow and oxygen metabolism is not established, leading to lower phase locking. In older ages, the blood flow and metabolism coupling and the neurovascular coupling are established in the temporal and posterior regions, leading to higher phase locking. However, the anterior regions may undergo prolonged development in comparison with other regions, leading to lower phase locking. Thus, hPod L should provide information on the balance between the blood flow and oxygen metabolism and the neurovascular coupling in each region of the cortex during development.
While many studies on brain glucose metabolism focused on oxidative phosphorylation, aerobic glycolysis occurs in the adult brain. 20 In particular, aerobic glycolysis is significantly elevated in the medial and lateral parietal and prefrontal cortices and may play important roles in the cortical region-specific demands for energy consumption and biosynthesis-related synapse formation and growth. 21 A study using PET showed that energy requirements of the fetal and newborn brain were fulfilled through a nonoxidative mechanism. 22 Although data on the distribution of aerobic glycolysis in the brain are not available in young infants, it is important to know whether the spatial differences in hPod and hPod L are related to the form of metabolism that is vastly different from that in adults. If aerobic glycolysis induces the blood flow, the in-phase pattern of hPod, as was observed in the newborn group, may be obtained, which is an issue to be clarified in a future study.
Numerous issues are yet to be solved. First, infants in this study were in the state of quiet sleep, which was determined on the basis of the absence of body movements, and it is unknown whether hPod and hPod L changes in accordance with the sleep states. An NIRS study with adults suggested that sleep states affect hPod. 23 Since sleep is related to metabolic changes, hPod and hPod L may be affected by circadian rhythms. Second, it is unknown whether hPod and hPod L differ depending on sensory stimulus conditions. It was shown that a taskinduced activity of the brain can be better detected by the phase information between oxy-Hb and deoxy-Hb changes. 24, 25 It would be important to clarify how the stimulus-induced activity and spontaneous activity produce differentiated values of hPod and hPod L on functionally different regions of the cortex. Third, it is not clear whether hPod and hPod L may depend on other parameters for fNIRS measurement, such as the depth of the measured volume from the head 26 and the frequency of signals.
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